Of the five mammalian muscarinic acetylcholine (ACh) receptors, M 5 is the only subtype expressed in midbrain dopaminergic neurons, where it functions to potentiate dopamine release. We have identified a direct physical interaction between M 5 and the AP-3 adaptor complex regulator AGAP1. This interaction was specific with regard to muscarinic receptor (MR) and AGAP subtypes, and mediated the binding of AP-3 to M 5 . Interaction with AGAP1 and activity of AP-3 were required for the endocytic recycling of M 5 in neurons, the lack of which resulted in the downregulation of cell surface receptor density after sustained receptor stimulation. The elimination of AP-3 or abrogation of AGAP1-M 5 interaction in vivo decreased the magnitude of presynaptic M 5 -mediated dopamine release potentiation in the striatum. Our study argues for the presence of a previously unknown receptor-recycling pathway that may underlie mechanisms of G-proteincoupled receptor (GPCR) homeostasis. These results also suggest a novel therapeutic target for the treatment of dopaminergic dysfunction.
Introduction
The striatum, the main input nucleus of the basal ganglia, regulates motor control and motivated behaviours through the integration of dopaminergic, glutamatergic, and cholinergic neurotransmission. Whereas the striatum receives extrinsic midbrain dopaminergic and cortical glutamatergic input, tonically active giant aspiny cholinergic interneurons (TANs) provide extensive intrinsic innervation. The cellular actions of acetylcholine (ACh) are mediated both by ionotropic nicotinic receptors and by metabotropic muscarinic receptors (MRs), a family of five G-protein-coupled receptors (GPCRs). MRs are expressed widely, with multiple subtypes present in nearly every mammalian tissue (Wess et al, 2007) . Striatal MRs are expressed in a complex, overlapping pattern, where they function as post-synaptic receptors on medium spiny projection neurons, as inhibitory autoreceptors at TAN terminals, and as modulatory receptors at both glutamatergic and dopaminergic terminals (Zhang et al, 2002a, b; Pisani et al, 2007) . Notably, the low abundance, G aq -coupled MR5 (M 5 ) is the only MR subtype expressed in midbrain dopaminergic neurons (Weiner et al, 1990) . Activation of these M 5 receptors potentiates dopamine release in the striatum, and M 5 dysfunction has been implicated in the pathophysiology of schizophrenia and drug addiction (Yamada et al, 2001; Basile et al, 2002; Forster et al, 2002; De Luca et al, 2004; Thomsen et al, 2005) . However, the precise details of M 5 function, regulation, and response plasticity in the basal ganglia remain obscure.
The MR family displays strong sequence similarity between subtypes across the extracellular and transmembrane regions that encompass the presumed orthosteric ACh-binding site (Wess et al, 1995) . As a result, development of strongly subtype-selective MR ligands has not been successful. The poor selectivity of MR ligands, in combination with the ubiquitous, overlapping expression pattern of MRs, has complicated the study of MR physiology in vivo and slowed development of MR-targeted therapeutics. However, the MRs possess an unusually large third intracellular (i3) loop region whose sequence, in contrast to that of extracellular and transmembrane domains, is highly divergent between subtypes. As GPCR cytoplasmic domains affect receptor function through the binding of signalling, regulatory and trafficking proteins (Ritter and Hall, 2009 ), identification of M 5 i3 loop-interacting molecules should both uncover subtype-specific functional mechanisms and offer targets for selective small-molecule modulation of M 5 activity.
Among molecules known to interact with the cytoplasmic domains of integral membrane proteins, the adaptor protein (AP) complexes function as key mediators of intracellular trafficking. APs coordinate the recruitment and transport of transmembrane proteins (including GPCRs) through endosomal and secretory pathways by binding to both cargo protein targeting motifs and membrane vesicle coat proteins (Nakatsu and Ohno, 2003) . Of the four characterized APs, AP-3 is unique in that in addition to a ubiquitously expressed isoform (AP-3a), a second complex (AP-3b) is expressed exclusively in neurons. Whereas AP-3a directs the traffic of membrane proteins to lysosomes and lysosome-like organelles (Dell'Angelica et al, 1999; Peden et al, 2004) , AP-3b was shown to mediate the biogenesis of endosome-derived synaptic vesicles and to regulate protein sorting to these organelles (Blumstein et al, 2001; Salazar et al, 2004) . Membrane recruitment of AP-3 subunits is mediated by Arf1, a small GTPase regulated by a variety of specific guanine nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs) (Lefrancois et al, 2004; Nie and Randazzo, 2006) . Interestingly, one of these ArfGAPs, AGAP1, was shown to bind directly to AP-3a and to regulate both AP-3 membrane recruitment and the targeting of a lysosomal limiting membrane protein (Nie et al, 2003 (Nie et al, , 2005 . However, neither AP-3b nor AGAP1 have been implicated in the trafficking of GPCRs.
In this study, we identified AGAP1 as a direct binding partner of the M 5 i3 loop region. This interaction mediated the binding of the AP-3 adaptor complex to M 5 . We determined that M 5 receptors undergo efficient activity-induced endocytic recycling in an AGAP1-and AP-3b-dependent manner. Inhibition of the AGAP1/M 5 interaction or elimination of AP-3 decreased the magnitude of evoked dopamine release from striatal nerve terminal preparations and brain slices. We propose that a novel AP-3b-dependent trafficking mechanism targets presynaptic M 5 receptors for recycling through an intrinsic cargo-recognition function of AGAP1. Recycling of M 5 may therefore be critical for maintaining the coordination between cholinergic and dopaminergic neurotransmission in the striatum.
Results

AGAP1 interacts with the M 5 i3 loop in the yeast two-hybrid system
In an effort to identify M 5 -interacting proteins, we performed a yeast two-hybrid (Y2H) screen using the i3 loop region (residues 214-442) of the rat M 5 receptor as bait. We screened 1.8 Â10 7 diploid clones from a rat brain pACT2 cDNA library. Out of a total of 32 clones doubly positive for the reporter genes HIS3 þ and lacZ þ , sequencing revealed four clones as encoding a C-terminal fragment of the ArfGAP protein AGAP1 (residues 520-861). To investigate the specificity of this putative interaction in the Y2H system, we rescued an AGAP1 520À861 -encoding prey plasmid and used it to cotransform yeast along with either empty bait plasmid or i3 loop baits from the five MRs. The interaction was subtype specific, as only the M 5 i3 bait displayed lacZ activation with this clone in the X-gal filter lift assay ( Figure 1A) .
We next used an Y2H mapping strategy to identify an 18-amino-acid region of M 5 i3 (residues 369-386) as critical for interaction with AGAP1. This result was confirmed by successful disruption of the AGAP1 interaction after deletion of the putative domain of interaction (D AGAP1-binding domain (DABD)) from the M 5 i3 bait construct ( Figure 1B ). Multiple-species alignment of mammalian, avian and teleost M 5 sequences revealed the putative essential region of interaction to be evolutionally conserved ( Figure 1C) .
AGAP proteins contain GTP-binding protein-like, pleckstrin homology (PH), ArfGAP and ankyrin repeat domains (Nie et al, 2002) . The PH domain is found in a variety of signalling and membrane-associated molecules; it is known to bind phospholipids and is also involved in protein-protein interactions with Arf1 and G-protein bg subunits (Lodowski et al, 2003; Godi et al, 2004; Lemmon, 2004) . In AGAP1, the PH domain is split by an intervening sequence into N-and C-terminal parts (Nie et al, 2002) . We used an Y2H mapping strategy to determine the region of AGAP1 required for interaction with the M 5 i3 loop. We identified a 59-aminoacid region of AGAP1 (residues 552-609) containing the entire C-terminal portion of the split PH domain as the minimum region sufficient for M 5 i3 binding (Figure 2A) .
The AGAP family contains four characterized proteins: AGAP1, AGAP2 (Centaurin g1), AGAP3 (Centaurin g3), and AGAP4 (MRIP2/Centaurin g-like family 1), with the latter present only in humans (Kahn et al, 2008) . To further examine the specificity of the M 5 /AGAP1 interaction, we cloned regions of AGAP family members homologous to the AGAP1 region that mediates the M 5 i3 interaction (AGAP1 552À609 ) from rat (AGAP2 and AGAP3) and human (AGAP4) brain cDNA libraries, and tested them against the M 5 i3 bait by Y2H assay. Only AGAP1 was found to interact with the M 5 i3 loop ( Figure 2B ).
An AGAP1/AP-3 complex interacts with the M 5 i3 loop
To confirm the M 5 i3/AGAP1 interaction, we performed in vitro binding studies using recombinant M 5 i3 proteins as affinity matrices. Glutathione-S-transferase (GST) fusion proteins encoding M 5 i3 fragments including (M 5 354À393 , M 5 354À413 ) or excluding (M 5 354À413 DABD) the domain of AGAP1 interaction identified by Y2H were mixed with lysates from COS-7 cells overexpressing myc-tagged AGAP1 proteins. Pulled-down proteins were analysed by SDS-PAGE and immunoblot, revealing interaction of GST-M 5 354À393 and GST-M 5 354À413 , but not GST-M 5 354À413 DABD, with AGAP1-myc. This pattern of interaction was also observed for the AGAP1 546À861 -myc protein, a truncation mutant retaining the critical domain of M 5 i3 interaction ( Figure 3A) . Using an anti-AGAP1 antibody, we also observed specific binding of endogenous AGAP1 to the M 5 i3 in GST-pull-down experiments performed with rat brain lysates ( Figure 3B , top panel). In addition, a full-length GST-M 5 i3 fusion protein displayed specific interaction with in vitro transcribed/ translated AGAP1 520À861 (Supplementary Figure S1) .
As AGAP1 was shown to interact with the AP-3 adaptor complex (Nie et al, 2003) , we next tested the hypothesis that AP-3 could interact indirectly with the M 5 i3 loop through AGAP1. Subunits present in both the ubiquitous (AP-3 m1) and neuron-specific (AP-3 b2) isoforms of the heterotetrameric AP-3 adaptor complexes were detected in pull-down assays using GST-M 5 354À413 , but not GST-M 5 354À413 DABD or native GST ( Figure 3B ). Interaction of M 5 i3 with d-adaptin (a subunit common to both AP-3a and AP-3b) was not observed ( Figure 3B ). The association of the AP-3 adaptor complex with M 5 i3 appeared to be specific, as AP-1 and AP-2 complex subunits did not bind to GST-M 5 354À413 ( Figure 3B ). The AP-3 adaptor complex is known to interact physically and functionally with other trafficking protein complexes, including BLOC-1 (Di Pietro et al, 2006; Salazar et al, 2006 Salazar et al, , 2009 . The BLOC-1 subunit protein Dysbindin was shown to bind directly to AP-3 through the m1 subunit (Li et al, 2003; Taneichi-Kuroda et al, 2009) . Using lysate prepared from a human neuroblastoma line, we observed specific interaction between Dysbindin and GST-M 5 354À413 , but not GST-M 5 354À413 DABD or native GST ( Figure 3B , bottom panel). Taken together, these data corroborate the Y2H results indicating a subtype-specific and domain-delineated interaction between M 5 and AGAP1, and suggest that AGAP1 binding may be mediating the interaction of a larger AP-3-containing complex with the M 5 i3 loop.
To confirm that the AGAP1/M 5 i3 loop interaction was direct, we performed immunoprecipitations of myc-tagged AGAP1 proteins expressed in NIH-3T3 cells. Full-length AGAP1 coimmunoprecipitated the AP-3a subunit AP-3 m1, as reported earlier (Nie et al, 2003) . However, the AGAP1 546À861 mutant was unable to coimmunoprecipitate AP-3m1 ( Figure 3C ). As both full-length and truncated forms of AGAP1 interacted with M 5 i3 in pull-down and Y2H assays, these coimmunoprecipitation data indicated that AP-3 binding was not required for the interaction of AGAP1 with M 5 .
Finally, we investigated the role of phospholipids in the AGAP1/M 5 i3 interaction by way of a lipid array overlay assay using radiolabelled AGAP1 proteins. Full-length AGAP1 bound to a variety of phospholipids, phosphatidic acid, and phosphatidylserine, with strongest binding to phosphatidylinositol-4-phosphate and phosphatidylinositol-(3,5)-bisphosphate ( Figure 3D ). However, AGAP1 546À861 , in which the PH domain is disrupted but the domain of M 5 i3 interaction is maintained, displayed no phospholipid binding ( Figure 3D ). Thus, AGAP1 binds phospholipids through its split PH domain, but this activity is dispensable for binding to M 5 . al, 2005) . In mouse brain, in situ hybridization of an AGAP1 antisense riboprobe revealed widespread, uniform mRNA distribution ( Figure 4A ). Epitope-tagged AGAP1 expressed exogenously in NIH-3T3 and U87 tissue culture cells was previously shown to exhibit a punctate distribution pattern consistent with localization to AP-3-positive endosomes (Nie et al, 2002 (Nie et al, , 2003 . Although M 5 mRNA is detected at low abundance in the brain, the tissue and subcellular distribution of M 5 protein has not been described. We expressed epitope-tagged proteins in cultured embryonic rat hippocampal neurons to investigate the relative subcellular distribution of M 5 and AGAP1. We used a cytoplasmic (C-terminal) GFP tagged M 5 receptor, as we observed that extracellular epitope fusions inhibit cell surface delivery of MRs (data not shown). Both AGAP1-myc ( Figure 4B , left) and M 5 -GFP ( Figure 4B , middle) were present in the soma and processes of transfected hippocampal neurons, with a largely diffuse staining pattern apparent in axon-like processes ( Figure 4C , top row). In some cases (including that of the AGAP1-related protein ACAP1), cytosol extraction prior to fixation and immunostaining can reveal the otherwise-obscured membrane-bound pool of proteins (Morris and Cooper, 2001; Dai et al, 2004) . We observed a more punctate distribution of AGAP1-myc when cells were subjected to a mild detergent extraction before fixation ( Figure 4C , bottom row). In addition, subcellular fractionation of rat brain homogenates revealed a distribution of AGAP1 (with well-separated sedimentation peaks at fractions 10 and 24) similar to that of AP-3a, AP-3b and other endosome-associated rab proteins (Supplementary Figure S2) .
MRs M1-M4 have been shown to undergo agonist-induced internalization from the plasma membrane to endosomes, followed by either endocytic recycling or targeting for lysosomal degradation, depending on receptor subtype and cell type (Tolbert and Lameh, 1996; Volpicelli et al, 2001; Delaney et al, 2002; Popova and Rasenick, 2004) . Upon treatment with the MR agonist carbachol (CCh; 1 mM), we observed a redistribution of M 5 -GFP to punctate structures, consistent with endosomal sequestration ( Figure 4D , top row). In detergent-extracted cells, puncta doubly positive for M 5 -GFP and AGAP1-myc were observed after 60 min of CCh treatment, suggesting the presence of endocytosed M 5 receptors in an AGAP1-positive subcellular compartment ( Figure 4D , bottom row). In support of this observation (although noting that the Z-resolution of images was not sufficient to differentiate between internal structures and overlying plasma membrane domains), quantification of detergent-extracted neuronal processes revealed a significant decrease in colocalization of M 5 -GFP fluorescence with AGAP1-myc-positive puncta after 15 min of CCh treatment (P ¼ 0.02), with colocalization trending upwards after extended (30 and 60 min) CCh incubation (Supplementary Figure S3) .
After CCh treatment, we also observed overlap between M 5 -GFP and the AP-3 complex subunit d-adaptin, as well as with the constitutively recycled somatodendritic membrane protein Transferrin receptor (TfR) ( Figure 4E ). Our imaging data therefore indicated that physical interaction between M 5 and AGAP1 could occur in endosomes and suggested a role for the interaction in the trafficking of internalized receptors through the endocytic-recycling pathway.
AGAP1 and AP-3b regulate endocytic recycling of M 5 in a neuron-specific manner
To investigate the role of AGAP1 interaction in M 5 trafficking, we constructed a receptor in which the critical domain of interaction in the i3 loop was disrupted (M 5 DABD; 'M 5 D') ( Figure 5A ). We used the hydrophilic, cell-impermeant muscarinic antagonist radioligand [ Figure S6) . To provide further evidence for an AP-3-dependent mechanism of endocytic recycling for M 5 receptors, we used the Arf GEF inhibitor brefeldin-A (BFA; 10 mg/ml) to acutely inhibit the function of AP-3 (Donaldson et al, 1992; Ooi et al, 1998; Salazar et al, 2004) . BFA pre-incubation abolished endocytic recycling of the M 5 wt receptor, but had no effect on M 5 D ( Figure 6D ). Finally, in neuronal cultures subjected to chronic agonist stimulation (10 mM CCh, 4 days), we observed a significantly greater reduction in the density of cell surface M 5 D receptors as compared with M 5 wt ( Figure 6E ). This result suggested that in neurons, AGAP1/AP-3b-mediated endocytic recycling is required for the maintenance of surface M 5 expression under conditions of sustained receptor stimulation. Lysates from COS-7 cells expressing myctagged rat AGAP1 proteins (full-length or C-terminal fragment) were incubated with indicated wild-type or domain-of-interaction deletion mutant M 5 i3-GST proteins immobilized on glutathione resin. Bound AGAP1 proteins were analysed by SDS-PAGE and myc immunoblot; molecular weights are listed in kilodaltons (kDa). GST proteins were detected by Ponceau red staining. Input, 1% of total. (B) Immobilized GST proteins were incubated with rat brain lysate (top seven panels) or human neuroblastoma SK-N-MC cell lysate (bottom panel), and bound endogenous proteins were analysed by SDS-PAGE and immunoblot with antibodies as indicated. Input, 0.25% (top panel) or 0.5% (lower panels) of total. (C) Myc-tagged rat AGAP1 proteins (full-length and C-terminal fragments) were expressed in NIH-3T3 cells and immunoprecipitated (IP) with anti-myc antibodies. Immunoprecipitates were analysed by SDS-PAGE and immunoblot (IB) for myc and the AP-3a subunit protein AP-3 m1. AP-3 m1 lanes were analysed in parallel on a separate gel, and were cropped so as to exclude lanes irrelevant to this experiment. Input, 1% of total. (D) Phospholipid dot-blot arrays were incubated with [
35 S]methionine-labelled AGAP1 proteins (full-length and C-terminal fragment), and bound proteins were visualized by autoradiography. PtdIns, phosphatidylinositol.
Potentiation of striatal dopamine release by presynaptic M 5 receptors is AGAP1 and AP-3 dependent
The striatum is characterized by the presence of tonically active, extensively arborized cholinergic interneurons (TANs), and has the highest ACh tone found in the CNS (Zhou et al, 2002; Pisani et al, 2007) . Activation of M 5 receptors localized to dopaminergic neuron terminals in the striatum functions to potentiate dopamine release (Zhang To visualize the membrane-bound pool of exogenously expressed AGAP1-myc, cytosolic extraction with 0.03% saponin was performed before fixation as indicated. Cells were immunostained for GFP (green) and myc (red) and imaged by confocal microscopy. Yellow arrows indicate green/red puncta overlap. Scale bar ¼ 5 mm. (E) Neurons were transfected with M 5 -GFP and treated with 1 mM CCh for 30 (top) or 60 (bottom) min, followed by fixation and immunostaining for GFP (green) and the AP-3a/AP-3b subunit d-adaptin (red) or the somatodendritic endosomal-recycling pathway marker Transferrin receptor (TfR) (red). Yellow arrows indicate green/red puncta overlap. Scale is identical to (C). Figure S7) . We used fast-scan cyclic voltammetry (CV) to study the evoked release of endogenous dopamine from wild-type and mutant (CHRM5 À/À and CHRM5
D/D
) mouse brain slices, a preparation in which local cytoarchitecture is intact and the tonic activity of TANs is maintained (Bennett and Wilson, 1998) . Stimulated release of dopamine in the dorsolateral striatum of CHRM5 À/À animals was reduced as compared with wild-type controls, consistent with a release-potentiating function of dopaminergic terminal M 5 receptors ( Figure  7A and B). Notably, we also observed decreased dopamine release in CHRM5 D/D animals compared with controls ( Figure 7B ). We next investigated the role of AP-3 in stimulated dopamine release through use of the spontaneous AP3D1 null-mutant mocha (mh) mouse, in which lack of d-adaptin results in the absence of all AP-3a and AP-3b subunits (Kantheti et al, 1998) (Supplementary Figure S8A) . We observed a significant decrease in evoked dopamine release in dorsolateral striatum of mh/mh animals as compared with wild-type controls ( Figure 7C ). Taken together, these data support a model in which AGAP1/AP-3-mediated endocytic recycling is required for the long-term maintenance of presynaptic M 5 function in the striatum. ) or wild-type control mouse striatal slices was measured by fast-scan cyclic voltammetry. Data are displayed as mean peak instantaneous dopamine concentrations from three pairs of mh/mh and age-matched þ / þ animals (top to bottom: age ¼ 4, 10, and 3 months; n ¼ 3-4 for each animal). ***Po0.001, paired two-tailed Student's t-test. Error bars for all graphs represent s.e.m. (D) Striatal synaptosomes prepared from CHRM5 À/À or wild-type control mice were simultaneously loaded with [ 3 H]dopamine and [ 14 C](L)-glutamate. Stimulated neurotransmitter outflow was measured after two K þ pulses, the second in the presence or absence of 100 mM oxotremorine-M (oxo-M). Data are displayed as percentage ratios of pulse 2/pulse 1. *Po0.05, two-way ANOVA/Bonferroni post-test (nX3). (E) Evoked dopamine release from CHRM5 À/À or wild-type control mouse striatal slices was measured at 2-min intervals by fast-scan cyclic voltammetry before and after addition of 10 mM oxo-M to the perfusion bath. Data are normalized to release at time ¼ 0 and represent data from seven slices for each genotype derived from 3-4 animals.
To address the specificity of M 5 's stimulatory action on dopamine release, we measured neurotransmitter outflow from isolated striatal nerve terminals (synaptosomes) prepared from wild-type and CHRM5 À/À mice. Figure 7D ). In contrast, bath application of oxo-M (10 mM) to striatal brain slices resulted in a strong, persistent decrease in evoked dopamine release as measured by CV ( Figure 7E ; Supplementary Figure  S8B 
Discussion
MRs undergo rapid desensitization through endocytic sequestration following activation by agonists (Tolbert and Lameh, 1996; Volpicelli et al, 2001; Delaney et al, 2002; Popova and Rasenick, 2004) . Without a mechanism capable of efficiently recycling internalized MRs to the plasma membrane, sustained stimulatory action could result in long-term downregulation of signalling potency by virtue of decreased cell surface receptor density. In the striatum, the function of M 5 receptors present at dopaminergic neuron terminals is particularly dependent on such recycling, as cholinergic tone is high. Here, we identify a novel AGAP1 interaction-dependent mechanism responsible for the endocytic recycling of M 5 receptors in neurons. As M 5 -specific antibodies are not available, we developed an exogenous expression system in cultured neurons in which cell-surface M 5 density was monitored by radioligand binding. Our experiments revealed a 10-20% reduction in surface M 5 density after agonist treatment. Washout resulted in a complete return of surface M 5 sites, and was inhibited by elimination of AGAP1/M 5 binding, knockdown of AGAP1 or AP-3 b2, or blockade of AP-3 function. As agonist treatment was assayed at an equilibrium time point, these data are consistent with an AGAP1/AP-3b-dependent recycling mechanism the rate of which is sufficient to counterbalance activity-induced endocytosis in this system. We also observed that basal surface density of exogenously expressed M 5 D receptors was larger than that of M 5 wt. This increase was apparently unrelated to activity of AGAP1, AP-3a or AP-3b. The mechanisms responsible for this quantitative phenotype (as opposed to the qualitative recycling phenotype) have not been determined, but may be related to either an increased synthetic rate or differential transfection/electroporation efficiency of M 5 D compared with M 5 wt in our overexpression systems. Our model of M 5 recycling implies that AGAP1, in addition to its characterized Arf1GAP activity, possesses an intrinsic cargo-recognition ability and functions as part of an AP-3-containing membrane vesicle coat complex. Such activity has not previously been reported for AGAP1. In support of this model, other ArfGAPs have been shown to function as coat complex members (Nie and Randazzo, 2006) ; ACAP1, for example, was found to promote the recycling of internalized TfRs through recognition of sorting signals (Dai et al, 2004) . Although it is unclear whether AGAP1 binds to the M 5 i3 loop as part of a pre-existing, membrane-associated AP-3 complex, or if AGAP1 association with M 5 serves to recruit AP-3 to the receptor, the latter possibility offers an intriguing functional parallel to b-arrestin. Stimulation-dependent phosphorylation of plasma membrane GPCRs induces binding of b-arrestin; b-arrestin, in turn, is able to recruit binding of the adaptor complex AP-2, which leads to clathrin coat assembly and receptor endocytosis (Lohse et al, 1990; Moore et al, 2007) . This mechanism has a major function in GPCR desensitization and downregulation, and can be regulated, by virtue of b-arrestin binding strength, through alterations in GPCR phosphorylation levels (Premont and Gainetdinov, 2007; Hanyaloglu and von Zastrow, 2008) . The M 5 ABD contains a predicted serine phosphorylation substrate (Blom et al, 1999) ; although alanine mutation of this residue did not effect AGAP1 binding in the Y2H system (Supplementary Figure S9A) , investigation of the phosphorylation dependence of AGAP1/M 5 binding in vivo may yield important insights into the regulation of AGAP1/AP-3-mediated M 5 traffic.
Our results indicate that the ABD present in the M 5 i3 loop comprises an endocytic-recycling signal sequence. This region displayed no homology with sequences present in the other four MRs, and binding of AGAP1 to the i3 loops of M 1 through M 4 was not observed, suggesting that this recycling mechanism is specific to the M 5 MR subtype. In addition, known recycling motifs from other GPCRs were absent from the ABD region (Hanyaloglu and von Zastrow, 2008) . Interestingly, alanine mutation of two groups of highly conserved residues within the ABD region eliminated or decreased binding of AGAP1 in Y2H and in vitro assays (Supplementary Figure S9) . The sequence of these motifs resembled, but did not exactly conform to recognized [D/E]XXXL[L/I] and YXXO targeting signals commonly present on GPCR i3 loop or C-terminal tail regions (Bonifacino and Traub, 2003) . To date, relatively few recycling signal sequences have been identified; thus, further examination of the AGAP1-binding motif will expand our understanding of the structural determinants of GPCR recycling, and could help identify other GPCRs whose endocytic traffic is AGAP1 dependent.
As AGAP1-dependent recycling of M 5 was neuron specific and was inhibited by AP-3 b2 knockdown, we propose that AP-3b possesses a previously unrecognized function in the endocytic-recycling pathway. The following observations suggest that this recycling mechanism may have an important function in axons, a compartment in which non-somatodendritic trafficking pathways are present (Yap et al, 2008) : (1) AP-3b is known to target proteins to synaptic vesicles and to presynaptic compartments (Nakatsu et al, 2004; Salazar et al, 2005) , (2) AP-3-positive puncta were observed in synapseadjacent compartments of axons in cultured hippocampal neurons (as well as in soma and dendrites) (Supplementary Figure S10A) , and (3) colocalization of endocytosed M 5 -GFP receptors with AGAP1 was observed mainly in axon-like processes. We speculate that M 5 is targeted to the recycling pathway by sorting from the endocytic-recycling compartment to AGAP1/AP-3b-positive endosomes, similar to the mechanism observed for sorting of LAMP-1 to lysosomes by AP-3a (Peden et al, 2004) . Delivery of M 5 receptors to the plasma membrane is not likely to proceed through synaptic vesicles, as M5-GFP protein was not detected in synaptic vesicles isolated by subcellular fractionation (data not shown).
Stimulation by ACh of G aq -coupled M 5 receptors located at dopaminergic terminals in the striatum potentiates dopamine release through phosphatidylinositol bisphosphate hydrolysis, leading to KCNQ2/3 channel inhibition and membrane depolarization (Yamada et al, 2001; Zhang et al, 2002b Martire et al, 2007) . We hypothesized that, in the absence of AGAP1/AP-3b-mediated endocytic recycling, reduced cell surface M 5 levels would result in decreased M 5 signalling magnitude and a subsequent reduction in ACh-potentiated dopamine release. Because of a lack of available tools capable of quantitating M 5 receptors in vivo, we could not directly address cell surface M 5 receptor density. Similarly, examination of desensitization characteristics of proximal M 5 -mediated signalling events in neurons was precluded by the absence of M 5 -selective agonists and poor signal-to-background characteristics of cortico-hippocampal neurons exogenously expressing M 5 receptors (data not shown). Nevertheless, we indeed observed a decrease in stimulated dopamine release in the striata of CHRM5 D/D and mh/mh animals as compared with controls, consistent with a greater surface density of M 5 receptors in wild-type animals. We found stimulation of M 5 receptors with oxo-M to potentiate evoked dopamine release in both striatal synaptosome superfusion and brain slice CV experiments. In the latter case, this potentiation was observed in the context of strong oxo-M-induced reduction of evoked dopamine release. As ACh release from TANs provides a tonic excitation of DA release (Zhou et al, 2001; Zhang and Sulzer, 2004) , this reduction appears to result from inhibition of TAN activity by non-M 5 MRs (Yan and Surmeier, 1996; Zhang et al, 2002a) . The overall oxo-M-induced reduction in striatally evoked dopamine release, despite the excitatory M 5 component, was most likely because of the preserved local synaptic environment, as glutamate, nicotinic and GABAergic receptors affect the probability of synaptic vesicle fusion from dopamine terminals (Schmitz et al, 2003) . However, application of oxo-M did not differentially inhibit evoked dopamine release in CHRM5 D/D and mh/mh striatal slices. Thus, although as expected, the M 5 null mouse shows no oxo-M facilitation, the lower number of active presynaptic M 5 receptors remaining in CHRM5 D/D animals decreases tonic ACh excitation but can still provide proportional levels of agonist response. We note that although AP-3-positive puncta were present in the axons of cultured midbrain dopaminergic neurons (Supplementary Figure S10B) , M 5 recycling may require retrograde transport. As our preparations did not include intact nigrostriatal neurons, acute recycling events may have been blocked. In addition, mocha mice exhibit alterations in presynaptic morphology and defective GABA neurotransmission (Nakatsu et al, 2004; Newell-Litwa et al, 2010) , potentially complicating interpretation of our dopamine release data. Finally, M 5 receptors localized to somatodendritic compartments of midbrain dopaminergic neurons also function to stimulate dopamine release (Yeomans et al, 2001; Forster et al, 2002; Miller and Blaha, 2005) . Indeed, activation of somatodendritic M 5 receptors expressed in ventral tegmental area neurons results in prolonged release of dopamine (Forster et al, 2002) , suggesting that M 5 endocytic recycling may have a role in sustaining sensitivity to ACh.
The CHRM5 À/À mouse exhibits decreased sensitivity to amphetamine and morphine, reduced cocaine self-administration and altered sensorimotor gating behaviours (Basile et al, 2002; Wang et al, 2004; Thomsen et al, 2005; Araya et al, 2006) . Our results suggest that, by reducing cell surface M 5 receptor density, abrogation of AGAP1/AP-3b-mediated M 5 recycling (as occurs in the CHRM5 D/D mouse) may result in a similar hypodopaminergic phenotype. Inhibition of M 5 /AGAP1 interaction could serve as a pharmacologic target for the reduction of hyperactive dopamine release, which in the mesolimbic system has been linked to symptoms of schizophrenia (Guillin et al, 2007) . Conversely, agents capable of potentiating the M 5 /AGAP1 interaction could, by increasing striatal dopamine release, prove useful in the treatment of Parkinson's disease. As M 5 receptors also function in cerebral arteries and arterioles to regulate blood flow (Yamada et al, 2001) , modulation of neuron-specific AGAP1/ AP-3b-mediated M 5 recycling should offer greater therapeutic selectivity over M 5 -targeted drugs for the treatment of dopamine system disorders. Finally, our observation of a physical interaction between M 5 , AGAP1 and the AP-3-associated BLOC-1 protein Dysbindin offers an intriguing connection to schizophrenia, as the genes encoding these proteins (CHRM5, AGAP1/ CENTG2, and DTNBP1) have been linked to susceptibility to this disorder (Schwab et al, 2003; De Luca et al, 2004; Talbot et al, 2004; Shi et al, 2009) . Given the role of M 5 in the regulation of dopamine release and the long-hypothesized connection between aberrant dopaminergic system function and schizophrenia, further study of AGAP1/AP-3b-mediated M 5 trafficking in the context of this disorder is warranted.
Materials and methods
Rodent strains
All procedures involving animals were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Rockefeller University, Columbia University and Weill Cornell Medical College Institutional Animal Care and Use Committees. Female adult (3-6 months old) timed pregnant Sprague-Dawley rats were obtained from Charles River Labs or Taconic Labs. C57Bl/6 mice were obtained from Charles River Labs. The CHRM5 À/À strain was a kind gift from Jü rgen Wess (Yamada et al, 2001 ) (National Institute of Diabetes and Digestive and Kidney Disease, Bethesda, MD) and was extensively backcrossed (410 generations) onto the C57Bl/6 background before use. STOCK gr þ / þ Ap3d1 mh /J mice carrying the mocha allele (mh), a spontaneous null mutation of the AP3D1 gene (Lane and Deol, 1974; Kantheti et al, 1998) , were obtained from the Jackson Laboratory. In this strain, the mh allele is maintained on a mixed background in repulsion to the pigmentation mutant grizzled (gr) allele. Mice were maintained as heterozygotes, as mh homozygotes were observed to be infertile. The CHRM5 D/D strain was generated by Ozgene Pty. Ltd (Bentley, Australia) as described in Supplementary data.
Yeast two-hybrid analysis
Yeast two-hybrid protein-protein interaction experiments were performed in a GAL4-based system as described earlier (Flajolet et al, 2000) . For the M 5 screen, the yeast strain CG1945 was transformed with a pAS2-derived bait plasmid containing the full-length M 5 i3 loop cDNA, and was mated with Y187 strain yeast transformed with pACT2-rat brain cDNA library prey plasmid (Clontech). Diploid cells were cultured on selective agar media, and after 4 days, lacZ reporter gene activity was detected in HIS3 þ colonies by 5-bromo-4-chloro-3-indolyl b-D-galactoside (X-Gal; Calbiochem) overlay assay. For binary yeast two-hybrid experiments, Y187 yeast was cotransformed with bait and prey plasmids and lacZ activity was detected by X-Gal membrane lift assay.
GST pull-down assays
Recombinantly expressed GST fusion proteins were purified and immobilized on Glutathione Sepharose 4B resin (GE Life Sciences) and used as baits in pull-down experiments with tissue culture cell or rat brain lysates, or with in vitro synthesized [
35 S]-AGAP1 520À861 protein essentially as described earlier (Flajolet et al, 2008) and as detailed in Supplementary data.
Coimmunoprecipitation
Coimmunoprecipitation of AP-3 components with myc-tagged AGAP1 was performed as described earlier (Nie et al, 2003) . NIH-3T3 cells were cultured in DMEM supplemented with 10% (v/v) bovine calf serum and transfected with expression plasmids encoding full-length or truncated AGAP1-myc using Lipofectamine 2000 (Invitrogen). Cells were lysed in 3T3 buffer (25 mM Tris, pH ¼ 8.0, 100 mM NaCl, 1% (v/v) Triton X-100, 10% (v/v) glycerol, 1% (v/v) protease inhibitor cocktail III (Calbiochem), 0.5 mM PMSF) with three freeze-thaw cycles in LN 2 . Lysates were cleared by centrifugation, and then incubated with anti-myc 9E10 agarose (Covance) for 14 h at 41C. The affinity matrix was washed three times with 3T3 buffer and proteins were eluted with LDS sample buffer, separated by SDS-PAGE, and detected by immunoblot.
Immunoblotting
Proteins were analysed using standard SDS-PAGE and immunoblotting techniques as described in Supplementary data. The following primary antibodies and dilutions were used: actin (1:10 000, Abcam); a-adaptin (1:1000, BD Transduction Labs); g-adaptin (1:5000, BD); AP-3 s1/adaptin s3A (1:250, BD); d-adaptin SA4 (1:1000, Developmental Studies Hybridoma Bank); AP-2 b1/adaptin b2 (1:10 000, BD); AP-3 b2/b-NAP (1:500, BD); AP-3 m1/p47A (1:250, BD); AGAP1 (1:1000, a kind gift from S Meurer, University of Frankfurt School of Medicine); or c-Myc 9E10 (1:1000, Covance).
Phospholipid-binding assay
The TNT T7 Quick coupled transcription/translation system (Promega) was used to synthesize in vitro [
35 S]methionine-labelled full-length and truncated AGAP1 proteins from AGAP1 cDNAs (fulllength and 552-861 truncation mutant) cloned in the T7 promotercontaining pcDNA3.1 vector. Phospholipid dot-blot arrays (PIP strips; Echelon Biosciences) were blocked 1 h at 241C in PIPblocking buffer (TBS pH ¼ 8, 3% (w/v) fatty acid-free bovine serum albumin, 0.1% (v/v) Tween-20). Arrays were incubated with [ 35 S]methionine-labelled proteins in PIP-blocking buffer for 3 h, washed six times for 5 min in PIP-blocking buffer, dried, and imaged by storage phosphor autoradiography.
In situ hybridization
Expression of AGAP1 mRNA in wild-type C57Bl/6 mouse brain slices was analysed by in situ hybridization as described earlier (Zhou et al, 2010) and as detailed in Supplementary data. A 772-bp region of the AGAP1 3 0 UTR was amplified from a mouse brain cDNA library by PCR (forward 5 0 -AAG TTG CAA CCA CCA CGT GAG TCC CTC AGT TCC CTC, reverse 5 0 -CCA AGT AAG GGG ACT GAA GTC AAA TAA TAC CCA GC) and used as template to prepare the [ 33 P]-labelled riboprobe.
Immunocytochemistry
Primary embryonic rat hippocampal neurons were prepared and transfected with expression plasmids as described in Supplementary data. After treatment with or without 1 mM CCh, neurons were fixed in 4% (w/v) paraformaldehyde/4% (w/v) sucrose in PBS for 30 min at 241C. For immunostaining of AGAP1-myc, neurons were pre-extracted before fixation with 0.03% (w/v) saponin in cytosolic buffer (25 mM HEPES-KOH, pH ¼ 7.4, 25 mM KCl, 2.5 mM Mg acetate, 5 mM EGTA, 150 mM K-glutamate) (Morris and Cooper, 2001) for 30 sec at 371C, rinsed at 371C with intracellular buffer, and fixed for 30 min at 241C with 4% (w/v) paraformaldehyde in cytosolic buffer. Fixed cells were permeabilized with 0.25% (v/v) Triton X-100 in PBS for 10 min, rinsed in PBS, and blocked for 30 min in antibody diluent (2% (w/v) BSA, 0.05% (v/v) Triton X-100, 0.02% (w/v) NaN 3 in PBS), followed by incubation with the following primary antibodies diluted in antibody diluent: c-Myc 9E10 (1:500); adaptin-d SA4 (1:100); rabbit GFP (1:10 000, Abcam); Synapsin I (1:500, Abcam); or TfR (1:500, Zymed). Coverslips were then incubated with appropriate Alexa 488 or Alexa 568 (Invitrogen), or Cy3 (Jackson Immunoresearch)-conjugated secondary antibodies. After washing, coverslips were mounted in Fluoromount-G (Southern Biotech) and imaged with an LSM510 confocal system (Zeiss Microimaging) using either 40 Â 1.3NA or 100 Â 1.4NA oil objectives. Quantification of M 5 -GFP and AGAP1-myc colocalization was performed in NIH ImageJ using the intensity correlation analysis and colocalization threshold plugins as described in Supplementary data.
Radioligand-binding assays
Surface density of M 5 -binding sites in intact HEK-293T or primary cortico-hippocampal neurons was assayed by radioligand binding using the cell-impermeant muscarinic antagonist [N-methyl- 3 H]-scopolamine (Perkin Elmer) as described in Supplementary data. The muscarinic antagonist AF-DX 384, which displays at least 10-fold lower affinity for M 5 compared with M 1 -M 4 receptors (Dorje et al, 1991) , was included in the cortico-hippocampal neuronbinding assays at 5 mM to distinguish exogenously expressed M 5 from endogenous MRs (predominantly M 1 /M 2 subtype) (Oki et al, 2005) (Supplementary Figure S11) . RNAi-mediated knockdown in embryonic cortico-hippocampal cultures was performed using gene-specific shRNAs expressed from the pSUPER.puro vector (Oligoengine) followed by puromycin selection (1 mg/ml).
Dopamine release experiments
Experiments examining stimulated release of [ 3 H]dopamine from striatal synaptosomes used a superfusion system previously described (Westphalen and Hemmings, 2003) , which measured dual pulses of K þ -evoked release of [ 3 H]dopamine and [ 14 C](L)-glutamate (Perkin Elmer) in the absence (first pulse) or presence (second pulse) of 100 mM oxotremorine-M (Tocris). Fast-scan cyclic voltammetric measurement of endogenous dopamine release was performed as previously described (Zhang and Sulzer, 2003) . Measurements were performed in dorsolateral striatum areas of coronal brain slices prepared from CHRM5
, mocha (mh þ /mh þ ) or wild-type control (C57Bl/6 or þ gr/ þ gr) animals as indicated. Details of dopamine release experimental procedures are included in Supplementary data.
Statistical analysis
Statistical differences were determined by Student's t-test or twoway ANOVA as indicated. *Po0.05, **Po0.01, ***Po0.001.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
